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a b s t r a c t 
Rechargeable magnesium ion batteries, which possess the advantages of low cost, high safety, high volumetric 
capacity, and dendrite free cycling, have emerged as one of the potential contenders alleviate the burden on ex- 
isting lithium ion battery technologies. Within this context, the electrochemical performance of Mg-ion batteries 
at high and ultra-low temperatures have attracted research attention due to their suitability for use in extreme 
environments (i.e. military and space station purposes). To meet the requirements for operation over wide tem- 
perature ranges, extensive studies are being conducted to explore different cathodes, anodes, electrolytes, and 
interfacial phenomena. There is no review that compares the characteristics of magnesium ion batteries in terms 
of their working mechanism, current challenges, working voltages, possible cathode materials, and resultant elec- 
trochemistry at different temperatures. To fulfil this research gap, we summarize the recent advances made in the 
development of magnesium ion batteries, including high-capacity cathodes, nucleophilic and non-nucleophilic 
electrolytes, hybrid ion tactics, working mechanisms, their high temperature and ultra-low temperature elec- 
trochemical performances. Future recommendations for the development of magnesium ion batteries with high 



















































To mitigate the potential effects of global warming, we need to re-
uce our reliance on fossil fuels, which (such as coal, oil, gas etc.),
hat are diminishing rapidly and transition to renewable energy sources
such as wind, sun, water etc.). Li-ion batteries (LIBs) emerged as effi-
ient devices, which can be used in electric vehicles and portable elec-
ronics, due to their high energy densities (100-265 Wh/kg) [1] . Despite
he commercial success of LIBs and its dominance in the current market,
IB technologies still present specific drawbacks. Critically, Li resources
re very limited and diminishing with time due to the ever-increasing
emand. In addition, due to the intensive research on LIBs over the past
hree decades, their electrochemical performance (i.e., specific capac-
ty) is approaching the theoretical limits [2] . There is an urgent need
o find alternative energy storage technologies with high energy densi-
ies to support LIB technology in matching the ever-increasing demands
f energy storage devices across all sectors (EV, mobile and stationary
torage) [3–6] . 
Several post-lithium ion technologies focused on the use of earth-
bundant and low cost elements have emerged including those based on
odium [7] , potassium [8] , aluminum [9] , and magnesium [10] . Magne-
ium as a candidate possesses several advantages compared to lithium.
or example, magnesium is about 2.3 wt.% of earth’s crust, making it∗ Corresponding author. 
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405-8297/© 2021 Published by Elsevier B.V. ignificantly more abundant than lithium [11] . Another attractive fea-
ure of Mg-ion batteries is the potential for use of a pure metal anode
hat could be repackaged or easily recycled as Mg metal allows for den-
rite free cycling (unlike Li metal anodes). Magnesium is environmen-
ally friendly owing to its low-toxicity, making it an ideal candidate for
co-friendly energy storage devices [12] . Moreover, Mg is a lightweight
etal (1.74 g.cm –3 density) [13] yielding a theoretical volumetric ca-
acity of magnesium (3833 mA h cm − 3 ) that is twice than that of lithium
2061 mA h cm –3 ) [14] . Similarly, the reduction potential of magne-
ium is also higher than that of lithium i.e. -2.36 V (for Mg) and -3.04 V
for Li) vs. H + /H 2 [15] . A comparison illustrating the different chemical
roperties of magnesium and lithium is shown in Table 1 . 
Due to the attractive properties of magnesium described above, con-
iderable research attention has been given into developing new kinds of
rganic and inorganic electrolytes, high voltage cathodes, and to under-
tand the electrochemical mechanism of magnesiation and demagnisia-
ion. Apart from academic researchers, industries such as Pellion Tech-
ologies, Toyota Research Institute of North America, and Sony Corpo-
ation have started research and development projects for rechargeable
agnesium batteries. The emphasis of these R & D projects is on the
vercoming the challenges associated with the practical application of
agnesium batteries at an industrial scale [ 16 , 17 ]. To date, improving
he cycling and rate performance of magnesium batteries has proven21 
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Fig. 1. Schematic illustration of rechargeable Mg batteries with redox reactions occurring at both anode and cathode sides, and highlights of recent challenges. 
Table 1 
Key parameter comparisons between magnesium and 
lithium metals for rechargeable metal ion batteries [10] . 
Information Lithium Magnesium 
Market price (k$/ton) 64.8 2.7 
Volumetric capacity (mAh cm − 3 ) 2061 3833 
Gravimetric capacity (mAh g − 1 ) 3884 2206 
Anode potential versus SHE [V] –3.04 –2.36 
Stability in air? No Yes 
Dendrite growth? Yes No 
Atomic weight 6.9 24.3 







































































3  ifficult owing to the lack of high potential cathodes and electrolytes
hat can accommodate and transport the magnesium ion [18] . 
Generally, magnesium batteries consist of a cathode, anode, elec-
rolyte, and current collector. The working principle of magnesium ion
atteries is similar to that of lithium ion batteries and is depicted in Fig. 1
13] . The anode is made of pure magnesium metal or its alloys, where
xidation and reduction of magnesium occurs with the help of magne-
ium ions present in the electrolyte (e.g., PhMgCl-AlCl 3 /THF solution)
19] . Cathode materials require good chemical stability and high ca-
ability to reversibly intercalate/deintercalate magnesium ions during
edox reactions. The desired characteristics of cathodes are low cost,
igh magnesium ion reversibility, and adequate operating voltage. Nor-
ally, the cathode consists of a transition metal oxide, where insertion
r extraction of magnesium ions take place during the discharge/charge
rocess, respectively, ( Table 2 ). 
. Current challenges 
As discussed above, the magnesium metal anode is an important
omponent of magnesium battery, thus it is essential to choose an elec-
rolyte compatible with the anode to obtain good cycle life and coulom-
ic efficiency. Like lithium technology, the presence of moisture or car-
onates/perchlorate based salts in electrolytes adversely affect the mag-
esiation/demagnisiation process on magnesium anode. Reports sug-
est that these will passivate the surface of the anode (formation of
on-permeable solid-electrolyte interphase), causing the battery to ex-
ibit poor coulombic efficiencies and cycle life [20] . Thus, only Grig-
ard based electrolytes such as tetrahydrofuran (THF) based magnesium
rganochloroaluminate electrolyte complex have demonstrated compat-
bility with magnesium metal anodes to date. These electrolyte lead to130 he formation of solid-electrolyte interphase layer on the anodes surface,
acilitating improved performance [21] . The challenges associated with
he electrolyte/anode compatibility have triggered the development of
rganic and inorganic electrolyte complexes that prohibit surface pas-
ivation of the magnesium anodes [13] . Besides the passivation issues,
nother problem associated with magnesium metal is its anodic stabil-
ty. The available electrolytes based on ethyl-magnesium bromide and
utyl-magnesium chloride, exhibit anodic stabilities of about 1.3 V vs.
g, which is not sufficient for the commercialization of magnesium bat-
eries. This results in less choice to select suitable and stable anode ma-
erials. Several attempts were made to attain better anodic stabilities by
mploying different electrolytes such as Mg(AlH 4 ) 2 , MgBr 2 , Mg(BH 4 ) 2 ,
g(B(C 4 H 9 ) 4 ) 2 , and Mg(AlCl 2 BuEt) 2 based electrolytes [22–24] . 
The stability of current collectors is also an important aspect for
esigning a rechargeable magnesium battery. Studies have shown that
oth current collector and electrolyte must be compatible to prevent
ide reactions. It was observed that magnesium organohaloaluminates
ontaining magnesium dimer cation (Mg 2 ( 𝜇-Cl) 3 • 6THF) + are highly cor-
osive in nature. Therefore, common metal current collectors such as
l, Ni, Cu, and SS exhibit poor stabilities in these electrolyte solutions
25] . Thus, the above mentioned electrolytes require free standing cath-
des or special current collectors such as graphite or carbon paper. To
esolve this issue, several recent studies were conducted involving ex-
ensive characterization to attain mechanistic insights into chlorine free
lectrolyte complexes that are non-corrosive in nature [26-28] . 
Another major obstacle in the development of magnesium batter-
es is the availability of non-corrosive electrolytes capable of trans-
orting magnesium ions during redox reactions. As mentioned above,
arbonate-based electrolytes are not suitable for magnesium stripping
nd plating process. The main reason for this is the formation of a passi-
ation layer on magnesium anode surface, which is due to the chemical
eduction of solvents and anions present in these electrolytes [ 20 , 29 , 30 ].
he first breakthrough reported the capability of Grignard solutions
o reversibly strip and deposit magnesium. This finding has triggered
he research on exploring more efficient and stable electrolytes by
odifying the Lewis acid-base reactions occurring between aluminum
nd magnesium reagents [30-33] . Despite the impressive reversibility,
se of Grignard solution based electrolytes is restricted owing to their
ucleophilic characteristics, preventing the use of high capacity elec-
rophilic cathodes (such as sulfur). This non-compatibility of magnesium
rgano-haloaluminate electrolytes has inspired researchers to focus on
he development of non-nucleophilic magnesium electrolytes [ 10 , 34–
6 ]. Several successful attempts were made to synthesize new non-
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Table 2 
Summary of low and high temperature electrochemical properties of magnesium ion batteries. 
Materials Electrolytes Potential Window (V) Capacity/Current Density(mAhg − 1 )/(Ag − 1 ) Temperatures References 
MgIn 2 S 4 [Mg(G4)][TFSI] 2 -[MPPyr][TFSI]-G4 1.2 – 3.2 500/0.02 150 o C [81] 
MgIn 2 S 4 [Mg(G4)][TFSI] 2 -[MPPyr][TFSI]-G4 1.2 – 3.2 450/0.02 100 o C [81] 
MgIn 2 S 4 [Mg(G4)][TFSI] 2 -[MPPyr][TFSI]-G4 1.2 – 3.2 340/0.02 70 o C [81] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 225/1.0 55 o C [75] 
VO 2 APC-LiCl-THF 0.5 – 2.0 220/0.1 55 o C [77] 
MgIn 2 S 4 [Mg(G4)][TFSI] 2 -[MPPyr][TFSI]-G4 1.2 – 3.2 235/0.02 50 o C [81] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 152/1.0 40 o C [75] 
VO 2 APC-LiCl-THF 0.5 – 2.0 190/0.1 40 o C [77] 
VO 2 APC-LiCl-THF 0.5 – 2.0 175/0.1 30 o C [77] 
Li 3 V 2 (PO 4 ) 3 Mg(BH 4 ) 2 -LiBH 4 -DG 0.0 – 1.5 78/0.1 25 o C [91] 
Li 3 V 2 (PO 4 ) 3 APC-LiCl-THF 0.0 – 2.0 135/0.1 25 o C [91] 
Li 4 Ti 5 O 12 APC-LiCl-THF 0.0 – 2.0 213/0.1 25 o C [99] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 115/1.0 20 o C [75] 
VO 2 APC-LiCl-THF 0.5 – 2.0 150/0.1 20 o C [77] 
VO 2 APC-LiCl-THF 0.5 – 2.0 90/0.1 10 o C [77] 
Li 4 Ti 5 O 12 APC-LiCl-THF 0.0 – 2.0 165/0.1 10 o C [99] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 75/1.0 0 o C [75] 
VO 2 APC-LiCl-THF 0.5 – 2.0 35/0.1 0 o C [77] 
LiFePO 4 APC-LiCl-THF 2.0 – 2.8 103/0.3C 0 o C [90] 
Li 3 V 2 (PO 4 ) 3 Mg(BH 4 ) 2 -LiBH 4 -DG 0.0 – 1.5 69/0.1 0 o C [91] 
Li 3 V 2 (PO 4 ) 3 APC-LiCl-THF 0.0 – 2.0 117/0.1 0 o C [91] 
Li 4 Ti 5 O 12 APC-LiCl-THF 0.0 – 2.0 143/0.1 0 o C [99] 
LiFePO 4 APC-LiCl-THF 2.0 – 2.8 97/0.3C – 10 o C [90] 
Li 3 V 2 (PO 4 ) 3 Mg(BH 4 ) 2 -LiBH 4 -DG 0.0 – 1.5 55/0.1 – 10 o C [91] 
Li 3 V 2 (PO 4 ) 3 APC-LiCl-THF 0.0 – 2.0 103/0.1 – 10 o C [91] 
Li 4 Ti 5 O 12 APC-LiCl-THF 0.0 – 2.0 133/0.1 – 10 o C [99] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 65/1.0 – 15 o C [75] 
LiFePO 4 APC-LiCl-THF 2.0 – 2.8 90/0.3C – 20 o C [90] 
Li 3 V 2 (PO 4 ) 3 Mg(BH 4 ) 2 -LiBH 4 -DG 0.0 – 1.5 35/0.1 – 20 o C [91] 
Li 3 V 2 (PO 4 ) 3 APC-LiCl-THF 0.0 – 2.0 93/0.1 – 20 o C [91] 
Li 4 Ti 5 O 12 APC-LiCl-THF 0.0 – 2.0 78/0.1 – 20 o C [99] 
V 2 O 5 .H 2 O@rGO Mg(TFSI) 2 )-AN 1.5 - 3.4 40/1.0 – 30 o C [75] 
Li 3 V 2 (PO 4 ) 3 APC-LiCl-THF 0.0 – 2.0 82/0.1 – 30 o C [91] 
LiFePO 4 APC-LiCl-THF 2.0 – 2.8 80/0.3C – 40 o C [90] 



























































a  ucleophilic magnesium ion electrolytes that exhibit good ionic con-
uctivities, oxidation stabilities, and fast magnesium plating/stripping.
he well-known magnesium organohaloaluminate electrolytes include
i-chloro complex (DCC) electrolytes, and the all-phenyl complex (APC),
tc. that have been analyzed in previous reports [ 10 , 13 ]. Among the new
evelopments, the best non-nucleophilic magnesium ion electrolytes in
erms of their compatibility with electrophilic cathodes, are hexamethyl-
isilazide (HMDS)-based electrolytes, magnesium aluminum chloride
omplex (MACC) electrolytes, Mg(TFSI) 2 -based electrolytes, and boron-
ontaining Mg-ion electrolytes [37] . 
In terms of cathode development for MBs, the initial breakthrough
as made by Aurbach et al. [38] in 2000, where Chevrel phases were
xplored as host materials for magnesium ion intercalation. This proto-
ype magnesium ion battery exhibited moderate energy density (60 W h
g –1 ) and operating voltage (1.2 V vs. Mg/Mg 2 + ) and triggered research
n post-Chevrel phase cathodes. These include the discoveries of high
oltage intercalation type cathode materials such as transition metal ox-
des, metal sulfides, and polyanion type materials etc., and high capac-
ty conversion type cathode materials such as selenium, sulfur, copper
ulfides, carbon florins, bromine, and iodine [39-41] . The conversion
ype cathodes may exhibit high capacities because magnesium ions are
tored via bond formation/deformation process with the active material
e.g., sulfur). The advantage of such cathode materials is that it does
ot involve sluggish solid-state diffusion of magnesium ions into solid
attices. However, the deformation of bonds in magnesium-conversion
athode materials might be difficult and thus, the choice of electrolyte
s a crucial factor. Majority of the conversion type cathodes result in the
ormation of intermediate products that are soluble in the electrolytes
42-45] . On the other hand, a major drawback of high voltage (2 – 3
) intercalation type cathodes is the irreversible trapping of magnesium
ons inside the host material due to strong electrostatic interactions. The f  
131 g ion trapping in the host material results in rapid capacity fade. Thus,
espite their high voltage characteristics, these cathodes are not ideal
andidates for practical applications. 
. Migration barriers 
Another obstacle to the advancement of magnesium ion batteries
MIBs) is sluggish transportation of Mg 2 + ions (caused by migration
arrier) inside the solid materials [46] . Unlike, sodium or lithium ion
atteries, the poor mobility of Mg 2 + ions and other divalent or triva-
ent cations restricts the development of broad range of host materials
or next generation rechargeable metal ion batteries [47] . As a result,
he slow magnesium transportation will restrict the utilization of solid
arrier coatings to protect the electrodes from side reactions with liq-
id electrolytes, which will ultimately limits the development of full
ell MIBs. Literature studies revealed that several pioneering theoreti-
al and experimental works were successfully conducted to develop the
emi and fully solid state, multivalent, and high temperature conductors,
hich exhibited sufficient conductivities (i.e. (~3 × 10 –2 mS cm –1 ) at
emperatures ranging from 400 to 800 °C [ 48 , 49 ]. However, the high RT
onductivities remained indefinable due to slow migration of Mg 2 + ions.
ecently, P. Canepa et al. [50] proved that Mg 2 + ion mobility could be
nhanced in solid host materials via judicious tuning of crystal struc-
ure and chemistry. They mechanistically investigated the room tem-
erature conduction of Mg 2 + ion by combining ab anitio calculations,
ynchrotron X-ray diffraction, electrochemical impedance spectroscopy,
nd solid-state nuclear magnetic resonance (SS-NMR). First generation
f crystalline solids including spinal MgX 2 Z 4 , with X = (In, Y, Sc) and
 = (S, Se), was discovered, and it possess high Mg 2 + cation mobility
t room temperature. Furthermore, the practical design rules to identify
ast multivalent-ion solid conductors were proposed, where theoretical
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Fig. 2. First-principles Mg and Zn migration barriers in sulfides, selenides, and tellurides AX 2 Z 4 spinels (with A = Mg or Zn). (a) tet-oct-tet migration path in the 
AX 2 Z 4 framework, with energy of the tet, oct, and transition sites indicated by E tet , E oct , E a , respectively. E a corresponds to the migration energy. (b) Effect of the 
anion size on the shared (triangular) face between tet and oct sites. (c) and (d) computed Mg and Zn migration barriers (orange bars in meV) in AX 2 Z 4 spinel and 
volume per anion (blue bars), respectively, with X = Sc, Y, and In, and Z = S, Se and Te. (e) Mg probability density in MgSc 2 Se 4 at 900 K obtained from ab initio 
molecular dynamic simulations (AIMDs). (f) Mg diffusivities as extrapolated from AIMD in MgSc 2 Se 4 (orange) and MgY 2 Se 4 (blue), with dashed lines and error bars 





































t  alculations and electrochemical experiments recommended that sulfide
nd selenide spinels could potentially integrate with current state-of-
he-art Mg cathodes, e.g., spinel-MgTi 2 S 4 and Chevrel-Mo 6 S 8 [ 38 , 51 ]. 
As shown in Fig. 2 [50] , it was found that the ion migration between
wo tetrahedral sites (tet) take place via a vacant octahedral site (oct) in
pinel structures. Where face-shares with the tetrahedral sites, followed
y the migration topology tet-oct-tet of Fig. 2 a-b. The energy of the mi-
rating ion in the shared triangular face between oct and tet sites (E a ,
f Fig. 2 b) determine the magnitude of migration barrier. As a result,
alue of E a is affected by the size of triangular face and its constituent
pecies. The migration barriers for Mg and Zn (represented by orange
ars) were calculated using first principles (DFT)-based nudged elastic
and calculations in spinel AX 2 Z 4 structures (with A = Mg or Zn, X = Sc,
 and In, and Z = S, Se and Te) as shown in Fig. 2 c-d [52] . Furthermore,
ig. 2 e-f represents the magnesium probability density in MgSc 2 Se 4 and
he trend of diffusivities as a function of temperature in MgSc 2 Se 4 and
gY 2 Se 4 , respectively. All these results (i.e. probability density and dif-
usivities) were deduced from ab initio molecular dynamic simulations
50] . 132 . Solid-state electrolytes 
Like cathode material, electrolyte is also a key component of magne-
ium ion batteries. The usage of conventional liquid electrolytes is highly
ependent on compatibility of electrolyte’s constituents with host cath-
de material and magnesium metal anode. To avoid these challenges,
olid-state magnesium ion electrolytes were also studied in past decades.
nlike conventional liquid electrolytes, the diffusion of active ions in-
ide solid-state electrolyte compensate the charge. An ideal solid-state
lectrolyte should have negligible electronic conductivity, single mobile
on species, wider potential window, high transference number, high
hermal and chemical stabilities, compatibility with cathodes and an-
des, high ionic conductivity (10 − 3 S/cm), and environmental friendly.
uring past decades, several attempts were made to explore the solid-
tate magnesium ion electrolytes including polymers. 
First pioneering work on solid-state electrolyte was carried out by
keda et al. [48] , who studied the conductivity of Mg 2 + ions in Mg-
r-PO 4 . Experimental results revealed that Mg 0.5 Zr 2 (PO 4 ) 3 revealed
he ionic conductivities of about 2.9 × 10 − 5 and 6.1 × 10 − 3 S/cm at
































































































































a  00 and 800°C, respectively. The activation conduction energy was
ound to be 0.82 eV. The Tubandt’s technique and electron probe mi-
roanalysis were used to confirm that charge carriers were Mg 2 + ions
n this material [48] . Later on, sol-gel method was also adopted to
ynthesize Mg 0.5 Zr 2 (PO 4 ) 3, which revealed higher ionic conductivity
6.1 × 10 − 3 S/cm) at the temperature of 725°C with same activation en-
rgy [53] . On the other hand, composite electrolyte, which comprises
f ZrO(PO 4 ) 2 and Mg 0.5 Zr 2 (PO 4 ) 3 ceramics, exhibited the ionic con-
uctivity of 6.92 × 10 − 3 S/cm at 800°C [54] . The reason for improved
onductivity was reduced grain-boundary resistance towards ionic mi-
ration, which was attributed to the presence of secondary phase. The
et activation energy of above composite was about 1.14 eV, which
ed to high room temperature conductivities. An important aspect of
g 0.5 Zr 2 (PO 4 ) 3 system is that Zr- and P-sites can be substituted to
ccommodate more Mg 2 + ions in the system. For example, common
opants such as Si 4 + , Ce 4 + , Nb 4 + , Zn 2 + , Al 3 + , and Fe 3 + , can be sub-
tituted in the Mg 0.5 Zr 2 (PO 4 ) 3 system [55] . 
Practically, Zr 4 + was substituted by Si 4 + to make Mg 0.5 Si 2 (PO 4 ) 3 
ystem, which exhibited monoclinic structure similar to that of
g 0.5 Zr 2 (PO 4 ) 3 system [56] . This new system exhibited the ionic con-
uctivity of about 1.06 × 10 − 6 S/cm at room temperature. This value
s higher than that of Mg 0.5 Zr 2 (PO 4 ) 3 system. The increased ionic con-
uctivity was attributed to the reduction of unit cell volume, which fa-
ilitates the propagation of Mg 2 + ion in the system. The Mg 0.5 Si 2 (PO 4 ) 3 
ystem revealed the potential window of about 3.2 V, which is much
igher than that of inorganic-oxide based electrolytes. However, the
ctivation energy was not estimated in this system. To further, en-
ance the capability of Mg 0.5 Si 2 (PO 4 ) 3 system, Halim et al. [57] in-
roduced Al 3 + ions, which helps to create more interstitial sites in the
attice. The final synthesized Mg 0.625 Si 1.75 Al 0.25 (PO 4 ) 3 system revealed
he bulk ionic conductivity of about 2.78 × 10 − 5 S/cm at room tem-
erature. This value is higher than ten times the original parent com-
osition. The drawback of Mg 0.625 Si 1.75 Al 0.25 (PO 4 ) 3 system was re-
uced electrochemical stability window (2.5 V) owing to aluminum
oping. Besides NASICON-type solid state magnesium electrolytes, the
-MgSO 4 :Mg(NO 3 ) 2 -0.4MgO composite was also synthesized using sol-
el method [58] . Synthesized composites exhibited the ionic conductiv-
ty of about 2 × 10 − 6 S/cm at room temperature. The high conductivity
f composite was attributed to presence of 𝛽-MgSO 4 amorphous state
n MgO particles. In another work, trivalent-ion-conducting Sc 2 (WO 4 ) 3 
as used to prepare Mg[Hf(WO 4 ) 3 ] with exhibited the ionic conductiv-
ty of about 2.5 × 10 − 4 S/cm at the temperature of 600°C with 0.84 eV
ctivation energy [59] . 
Several attempts were also made to use borohydride-based solid-
tate magnesium electrolytes. For example, ab initio calculations was
mployed to examine the high temperature propagation of magnesium
ons in magnesium borohydrides (Mg(BH 4 ) 2 ) [ 60 , 61 ]. It was found that
BH 4 ] – ions having Mg 2 + ions in its tetrahedral cages had limited mo-
ility, owing to strong coulombic interactions with [BH 4 ] –. However,
he cage size can be increased by substituting [BH 4 ] – ions with [AlH 4 ]
, making Mg 2 + ion migrations possible. Inspired from these studies, Hi-
ashi et al. [49] found that Mg 2 + ions in magnesium borohydrides and
g(BH 4 )(NH 2 ) revealed an ionic-bonding behavior, which was deter-
ined from presence of large cavities (facilitating the hopping of Mg 2 + 
on) and Bader charge on the ion. Higashi et al. [49] used DFT data
nd examined the conductivity of Mg 2 + ions in these solid materials.
ig. 3 a shows the crystal structure of Mg(BH 4 )(NH 2 ), and we can see
hat replacements of two of four BH 4 units with two amine group. This
ill leads to formation of a tetrahedral cage of B 2 N 2 around the mag-
esium ion. The final structure comprise of alternate pilling of Mg 2 + 
ations and BH 4 , NH 2 anions along the c-axis. The nearest Mg-Mg ions
re arranged in a zigzag fashion with a distance of about 3.59 Å in a-
 plane. Authors found the ionic conductivity of about 1 × 10 − 6 S/cm
or Mg(BH 4 )(NH 2 ) at 150°C. This ionic conductivity was higher than
hat of Mg(BH 4 ) 2 measured at same temperatures. The increased ionic
onductivity was due to shorter Mg-Mg interatomic distance (3.59 Å),133 uch lesser than that in Mg(BH 4 ) 2 (4.32 Å) and pronounced ionic na-
ure of bonds in Mg(BH 4 )(NH 2 ). Apart from higher ionic conduction,
he Mg(BH 4 )(NH 2 ) solid electrolyte showed reversible plating and strip-
ing of Mg 2 + ion on platinum electrodes as shown in Fig. 3 b. In addi-
ion, it was noticed that Mg(BH 4 )(NH 2 ) exhibited the oxidative stability
f about 3.0 V (against Mg/Mg 2 + ) at 150°C. This oxidative stability is
igher than that of Mg(BH 4 ) 2 -ether based electrolytes at room temper-
ture [62] . Thus, Mg(BH 4 )(NH 2 ) solid electrolyte is suitable for magne-
ium battery applications above 150°C. 
. Research gap 
There are several reviews on magnesium ion technology in terms
f working mechanism, current challenges and development of anodes,
athodes, and electrolytes. Another report reviewed the progress on non-
queous multivalent secondary batteries with a focus on magnesium,
alcium, and aluminum ion batteries [39] . Huie et al. [46] also dis-
ussed positive electrode materials for magnesium batteries. Muldoon
t al. [42] highlighted the foremost research in the development of elec-
rolytes and cathodes and discussed some of the significant challenges
f magnesium batteries. Zhang et al. [37] summarized the recent ad-
ances and future challenges of high-capacity conversion-type cathodes
or rechargeable magnesium batteries and proposed guidelines to pro-
ide new insights for developing high-energy-density magnesium bat-
eries. Recently, Guo et al. [63] reviewed the advances in the anode
aterials (metals and their alloys, metal oxides, and two-dimensional
aterials) available for magnesium batteries and the corresponding Mg-
torage mechanisms. Rashad et al. [ 10 , 13 , 64 , 65 ] reviewed the various
spects of magnesium ion battery development including the working
echanism, challenges, in situ and interfacial studies, intercalation and
onversion type electrodes, magnesium-sulfur and magnesium-selenium
echnology, and hybrid ion batteries (magnesium-lithium, magnesium-
odium, and magnesium-zinc hybrid technologies). 
M. Mao et al. [66] and his coworkers have tried to summarized the
hallenges faced by Mg-ion batteries by critically reviewing the impact
f compositions and structures of cathode materials on magnesiation
inetics. The most representative research articles on conversion mate-
ials, water co-intercalation cathodes, Chevrel phase, spinel structure,
olyanion, phosphate, and silicate-based cathodes were critically dis-
ussed in terms of their electrochemical performance and structural sta-
ilities. Their work provided comprehensive knowledge of magnesium
athodes and strategies for discovering new cathodes for rechargeable
agnesium ion batteries, but it was limited to developments made dur-
ng half decade (till 2018). Later on, Y. Zhang et al. [67] made another
ttempt to accumulate the advances made in electrode materials de-
elopments (including metal sulfides, metal oxides, spinal, Olivine, and
ASICON-based electrodes) for pure and hybrid ion batteries. 
One important aspect of Mg-ion batteries that has not been reviewed is
heir high and low temperature electrochemical performance, despite growing
eports on these topics. Thus, this review focusses on wide temperature range
agnesium ion batteries including their advantages, drawbacks, low/high
emperature electrolyte compatibility, and positive and negative electrode ma-
erials . 
. High temperature electrochemistries 
Despite the commercial success of LIBs, they have not found
idespread application in high temperature environments. When the
perating temperature rises above 60°C, the device becomes unsafe be-
ause the boiling point of most of these organic solvents is below 80°C.
s a result it is almost impossible for these secondary cells to be op-
rated above 100°C [68] . Herein, we will debate the wide temperature
ange (including low and high temperatures) application of post-lithium
on batteries i.e., magnesium ion batteries [ 18 , 69 ]. 
Recently, in search of new alternatives, ionic liquids have emerged
s ideal alternatives having a low vapor pressure, high thermal sta-
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Fig. 3. b (a) Crystal structure of Mg(BH 4 )(NH 2 ) viewed along the a-axis and an enlarged image of the Mg-ion zigzag arrangement, and cyclic voltammograms of (b) 


























































n  ility, low toxicity, being non-flammable, and a large electrochemi-
al potential window [ 70 , 71 ]. The advantages of low vapor pressure
nd high thermal stability offers the high penetration of the electrolyte
nto the electrode and makes the system safer while operating at high
emperatures. Inspired by the potential advantages of vanadium pen-
oxide (V 2 O 5 ), Novak et al. [72] made a successful attempt to accom-
odate the magnesium ions inside this host material. This further en-
anced the reversible capacities by adding water contents into magne-
ium perchlorate-acetonitrile based electrolytes. The resultant improve-
ent in the reversible capacities was attributed to the charge shielding
ffect of water dipoles that renovate the magnesium ion into solvated
on thus exhibiting reduced polarizations ( Fig. 4 a). Since the presence
f water or moisture in magnesium electrolytes may passivate the mag-
esium anode surface, researchers have used cathode materials already
ontaining water molecules intercalated inside the host materials crys-
al structure [73] . Unfortunately, such host materials exhibited rapid
apacity fading owing to the removal of water from the crystal struc-
ure of the host material during redox reactions. Takeuchi et al. [74] at-
empted to fabricate the Mg 0.1 V 2 O 5 1.8H 2 O via a novel sol gel technique
nd tested for its performance as a cathode material in magnesium bat-
eries. This cathode exhibited an excellent capacity of 280 mA h g –1 
ecause the water molecules in the structure coordinate to Mg 2 + as the
olvation shell to effectively screen the divalent charge. Qinyu et al.
75] demonstrated that graphene decorated hydrated vanadium oxide
anocomposite can be an effective cathode material for wide tempera-
ure range magnesium ion storage. The cathode materials were prepared
sing a pre-formed vanadium pentoxide solution, reduced graphene ox-
de (rGO) suspension and NH 4 H 2 PO 4 at 80°C. Owing to the presence of
lectrostatic interactions inside precursor solutions, both graphene and134 anadium pentoxide are self-assembled via growth of vanadium pentox-
de nanowires inside graphene sheets supported by Ostwald ripening as
epicted in Fig. 4 a-b [75] . 
For electrochemical characterization, magnesium
is(trifluoromethane sulfonyl) imide (Mg(TFSI) 2 )-acetonitrile based
lectrolyte solution was chosen along with activated carbon (AC)
lothes to act as both counter electrode and quasi-reference electrode.
xperimental results revealed that the synthesized composite exhibited
 good cycle life with a capacity retention of 81% at 1.0 A g –1 for 200
ycles ( Fig. 4 d). Furthermore, the coulombic efficiency preserved was
reater than 99% during all the cycles and no change in shape of charg-
ng/discharging profiles was observed even after 200 cycles ( Fig. 4 e).
ore interestingly, the working potential of the charging/discharging
urves was more than 2.5 V, significantly higher than state-of-the-art of
agnesium batteries. The rate capability tests (with current densities
anging from 0.05 to 2.0 A g –1 ) revealed that the cathode exhibited its
ighest capacity (320 mAh g –1 at 0.05 A g –1 ) to intercalate magnesium
ons and when the current density was increased to a value of 2.0 A g –1 ,
 specific capacity of 100 mAh g –1 was retained as shown in Fig. 4 f-g.
he magnesium battery was cycled at different temperatures such as
5, 40, 20, 0, –15, and –30°C, as shown in Fig. 4 h. It was observed
hat the battery exhibited a specific capacity of 200 mAh g –1 at 55°C
hen cycled at 1 A g –1 . This value is higher than the specific capacity
120 mAh g –1 ) of the battery measured at room temperature and it
as found that the reversible capacity increased with increases in
emperature. When the temperature was lowered to a value of –30°C,
 reversible capacity of 40 mAh g –1 was retained by the magnesium
attery. This suggests that the batteries capacity is affected by the mag-
esium ion diffusion, which may increase or decrease depending on the
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Fig. 4. (a) Shielding effect of Mg 2 + in the hydrated V 2 O 5 nH 2 O. The strong polarization of the divalent Mg 2 + could be significantly reduced by solvating with crystal 
water molecules, (b) Schematic illustration of the V 2 O 5 nH 2 O@rGO nanocomposite with bi-continuous electron/ion transport pathways, large area of electrode–
electrolyte interface, and facile strain relaxation during Mg 2 + insertion/extraction, (c) Cyclic voltammograms of VOG-1 electrode between 1.6 and 3.4 V vs. Mg/Mg 2 + 
at a scan rate of 0.1 mV s –1 , (d) Cycling performance, (e) Charge–discharge profiles of VOG-1 at 1.0 A g –1 , (f) Rate performance, (g) charge–discharge profiles at 















































r  nvironmental temperatures. This study for the first time revealed the
apability of vanadium pentoxide-graphene composite to accommodate
agnesium ions in a broad range of working temperature [75] . 
Apart from V 2 O 5 , the binary vanadium dioxides (VO 2 ) have received
ignificant research interest owing to its various polymorphic configura-
ions. To date about nine polymorphic forms of vanadium dioxides have
een reported including rutile, monoclinic, triclinic, tetragonal, mono-
linic, tetragonal, monoclinic, paramontroseite, and body centered cu-
ic structures [76] . The binary vanadium dioxides can also be synthe-
ized using V 2 O 5 as precursors [ 76 , 77 ]. The transformation of V 2 O 5 
nto VO 2 is shown in Fig. 5 a. VO 2 has been extensively employed as
 cathode material for rechargeable metal-ion batteries [78] . VO 2 dis-
lays uniform voltage platforms at about 2.5 V vs. Li/Li + and 1.75 V
s. Mg/Mg 2 + , confirming its ability to deliver high energy densities.
o investigate the capability of vanadium dioxides (VO 2 ) cathode for
oth low and high temperature applications, Pei et al. [77] synthesized
anorods and tested their performance in magnesium batteries. The syn-
hesis of VO 2 nanorodes were carried out using hydrothermal reaction
nside the Teflon-lined stainless steel autoclaves for 24 hours at 180°C.
he reaction precursors used in their work were V 2 O 5 , H 2 C 2 O 4 • 2H 2 O,
nd polyethylene glycol 4000 dissolved inside the water. The synthe-
ized nanorodes exhibited high crystallinity and uniform morphology
with ~100 nm in width, hundreds of nanometers in length and ~20 nm135 n thickness) as shown by microstructural characterizations in Fig. 5 b-d
77] . 
Unlike the previous report [75] , the all-phenyl-complex solution and
agnesium metal was chosen as electrolytes and anode material, re-
pectively. For the synthesis of all-phenyl-complex (APC) solution, alu-
inum trichlorides and phenyl-magnesium chloride salts were dissolved
n a tetrahydrofuran solution inside a glove box. To increase the ionic
onductivity of APC electrolytes, different molar contents of lithium
hlorides were also introduced. Thus, the new working principle in-
olves the dissolution of magnesium ions from a magnesium metal an-
de and the insertion of lithium ions into a vanadium oxide cathode
uring the discharge process and vice versa. Room temperature results
evealed the presence of one pair of defined redox peaks at 1.9/1.75 V,
hich correspond to the charging/discharging voltage profiles. It was
oticed that pristine APC based batteries exhibited very poor perfor-
ance, owing to high resistance faced by magnesium ions during inser-
ion into the vanadium oxide crystal structure. However, the electrolyte
olution with APC-1M LiCl composition and 0.5-2.0 V potential window
evealed good cycle stability up to 100 cycles as depicted in Fig. 5 (e-f).
eversible capacity of 154.9 mA h g –1 was retained after 100 cycles,
hich is equivalent to a capacity retention of about 75%. Similarly, the
ate performance (current density ranging from 50-500 mA g –1 ) results
evealed the high capability of the cathode material to accommodate
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Fig. 5. (a) Polyhedral structures of orthorhombic V 2 O 5 and monoclinic VO 2 (B), depicting the overall crystallographic transmutation occurring during the synthesis 
of the later. The Blue balls represent V atoms and the green balls represent the O atoms (Reproduced with permission from[76] Copyright RSC); (b) XRD patterns of 
VO 2 , (c) FESEM images, (d) TEM images of the prepared VO 2 , (e) Cycling performance of VO 2 cathode in MLIB with different electrochemical windows and VO 2 
cathode in MIB at 20 mA g –1 , (f) Charge-discharge profiles of MLIB between the voltage window of 0.5–2 V, (g) Rate capability of VO 2 cathode, and (h) Discharge 












































a  uest ions. The cathode exhibited capacities of 210.6, 203.7, 179.6 and
38.3 mA h g –1 at 50, 100, 200, and 500 mA g –1 , respectively ( Fig. 5 g).
he reaction kinetics of the guest ion intercalation and deintercalation
rocess determined the rate capability of the cathode. It also depends
n the speed of electron transportation and diffusion path length. Other
tudies revealed that in hybrid ion systems, the capacity is dependent
n both Cl – anion (effect on anodic stability) and Li + ion concentrations
Li + transference number) [ 79 , 80 ]. They also investigated the high and
ow temperature electrochemical performance of the vanadium oxide
athode in an environmental chamber. As shown in Fig. 5 h, the system
xhibited the discharge capacity of about 220 mA h g –1 at 55 °C, higher
hat the capacity measured at room temperature (206.8 mAh g –1 ). How-
ver, when the temperature was decreased to freezing point (0 °C), the
attery exhibited the capacity of only 35 mAh g –1 , which revealed that
ecreasing temperature will slow the diffusion of guest ions inside the
ost cathode and vice versa. Furthermore, comparison of V 2 O 5 and VO 2 
erformance at 0 °C revealed that V 2 O 5 outperform VO 2 owing to its high
apability at low temperatures (facilitated by its unique lattice structure)
 75 , 77 ]. 
Apart from orthorhombic V 2 O 5 and monoclinic VO 2 , 2D-ultrathin
anosheets-assembled spinel MgIn 2 S 4 micorflowers (MIS-Fs) were also
sed to evaluate their electrochemical properties at high tempera-136 ures in magnesium ion batteries [81] . These MIS-Fs nanostructures
ere synthesized by solvothermal process, where different growth pa-
ameters (temperature (50 - 160 °C), reaction times) were also in-
estigated to control the particle size of MIS-Fs. Synthesized mate-
ial was casted onto platinum current collectors for cell assembly. For
lectrolyte preparation, ionic liquid 1-methyl-1-propylpyrrolidinium
is(trifluoromethanesulfonyl)imide ([MPPyr][TFSI]) was prepared fol-
owed by addition of Magnesium bis(trifluoromethanesulfonimide)
Mg(TFSI) 2 ) and tetraglyme (G4) in the ionic liquid ([MPPyr][TFSI]).
he final [Mg(G4)][TFSI] 2 -[MPPyr][TFSI] solution with molar concen-
ration of 0.3 M was used as an electrolyte. Assembled magnesium ion
atteries (using a three-electrode system in a beaker cell) were tested
sing galvanostatic charging-discharging technique at elevated temper-
tures ranging from 50 to 150 °C with potential window of 1.2 – 3.2 V
s shown in Fig. 6 . Magnesium and Ag/Ag + were used as counter and
eference electrodes, respectively. 
Fig. 6 a shows the galvanostatic voltage profiles measured at the cur-
ent density of 20 mA g − 1 at the temperature range from 50 to 150°C.
nterestingly, MIS-Fs cathode revealed the reversible capacities of about
35, 340, 450, and 500 mAh g − 1 at 50, 70, 100, and 150°C, respec-
ively. It can be seen that voltage platforms (discharge) was observed
t about 2 V against Mg/Mg 2 + at 150°C, which shifts towards lower
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Fig. 6. Galvanostatic discharge-charge curves of MIS-F350 cathode in [Mg(G4)][TFSI] 2 –[MPPyr][TFSI]. (a) Discharge–charge curves at different temperatures, (b) 
rate performance at different current densities of 20, 35, 50, 75, and 100 mA g − 1 , and (c) long-term cycling performance at 100 mA g − 1 (Reproduced with permission 






























































t  alues with decrease in temperatures. This confirms that discharge po-
ential shifts to more anodic side with rise in temperature. The excellent
eversible capacity and discharge potential were attributed to fast dif-
usions of Mg 2 + ions into nanostructured MIS-Fs cathode [82] . Inspired
rom high capacity of cathode, rate capability test was also conducted
t shown in Fig. 6 b. The reversible capacities of about 500, 350, 230,
80, and 130 mAh g − 1 were achieved at current densities of 20, 35,
0, 75, 100 mA g − 1 , respectively. More importantly, capacity values
ere reserved back to original values after rate performance test, which
hows the high capability of synthesized MIS-Fs cathode. Similarly, the
ycle performance of MIS-Fs cathode exhibited excellent capacity reten-
ions for 450 cycles at 100 mA g − 1 ( Fig. 6 c). These findings revealed
hat MgIn 2 S 4 micorflowers outperform orthorhombic V 2 O 5 , monoclinic
O 2 , and other cathodes by delivering high capacities at high tempera-
ures (150°C). These improvements could be attributed to spinel sulfide
tructures and compositions of MgIn 2 S 4 micorflowers [81] . 
The above results indicated the conversion reaction between
gIn 2 S 4 and MgS, InS, and In in magnesiation and demagnesiation.
hus, the conversion reactions can be written as [81] . 
 𝑔𝐼 𝑛 2 𝑆 4 + 2 𝑀 𝑔 2+ + 4 𝑒 − ↔ 3 𝑀 𝑔𝑆 + 𝐼 𝑛𝑆 + 𝐼 𝑛 (1)
. Low temperature electrochemistries 
As, mostly hybrid ion electrolyte was used for low temperature stud-
es. Therefore, before going into the low temperature studies, we will
riefly discuss the concept of hybrid ion batteries and their pros and
ons. Numerous attempts have been made to develop magnesium ion
attery technology by exploring highly porous and high voltage host ma-
erials [ 10 , 13 , 64 , 65 , 69 ]. To bypass the sluggish magnesium ion trans-
ortation and take full benefit of the dendrite free cycling of magne-
ium metal anodes, the concept of hybrid ion batteries has emerged as a
ew strategy in recent years [36] . This can be achieved by introducing137 ithium or sodium ions inside the magnesium electrolytes with high in-
ercalation capability with the host material. The working principle of a
ybrid ion battery is shown in Fig. 7 . During the discharge process, the
agnesium dissolute from the metal magnesium anode, whereas lithium
ons (present in hybrid electrolyte) will be diffused into the host cathode
aterial. On the other hand, during the charge process the magnesium is
eposited on magnesium anode and lithium ions are extracted from the
athode material. Since, lithium has a high compatibility with numerous
ost materials, high reversible capacities are expected. Despite this, the
oncept incorporates many advantages and disadvantages related with
athode materials, metal anodes, hybrid ion electrolytes, operating po-
ential windows, and their compatibilities with each other, which are
ketched below. 
Firstly, unlike lithium metal anodes, the deposition and dissolution
f magnesium ions on metal anode is very smooth, thus there is less pos-
ibility of dendrite formation. As there is low possibility of lithium de-
osition on the magnesium anode, the lithium ions occupy the cathode
ide and as a result high specific capacities can be achieved [18] . On the
ther hand, the cathode side of a hybrid ion system is occupied by fast in-
ertion and extraction of highly compatible lithium ions. The fast magne-
iation/demagnisiation of the anode and intercalation/deintercalation
f the cathode will result in high rate and cycle stabilities, which will
e superior than the pure magnesium ion batteries. Thirdly, the design
f magnesium-lithium hybrid ion batteries gives rise to the possibility
f utilizing conventional lithium cathodes (transition metal oxides, sul-
des, phosphides, and polyanion cathodes), thus high specific capacities
an easily be obtained [83] . 
Despite favorable advantages of hybrid-ion batteries, these sys-
ems also have several drawbacks in terms of their component in-
ompatibilities. For example, magnesium-based hybrid ion batter-
es (either magnesium-lithium or magnesium-sodium) cannot afford
he usage of magnesium perchlorate (Mg(ClO 4 ) 2 ) or magnesium
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Fig. 7. Sketch diagram representing a Mg-Li hybrid 
ion battery: The battery consists of magnesium metal 
anode where deposition/dissolution of magnesium 
ions occurs and a transition metal oxide cathode, which 
is occupied by diffusion/extraction of Li + (or Na + ) 
ions during charging/discharging process (Reproduced 









































































a  is(trifluoromethane sulfonyl) imide (Mg(TFSI) 2 ) salts dissolved in ace-
onitrile and carbonate based solvents, because these solutions will form
 non-conducting passivation layer on anode surface, which will make
agnesium deposition more difficult [84] . Furthermore, the quantity of
lectrolyte (which serves as ion reservoir to provide the Li + and Mg 2 + 
ons) needed for hybrid ion batteries is significantly higher, which will
ffect the weight of final battery. The choice of lithium salt is also cru-
ial because many are insoluble or have limited solubility in magnesium
lectrolytes and the final hybrid electrolyte must be compatible with
ost materials to prevent side reactions. In addition, the anodic stabil-
ty of magnesium electrolyte is affected by presence of lithium ions, i.e.
resence of lithium ions inside the all-phenyl-complex electrolytes re-
uced the anodic stability to 2.5V [85] . 
Li-ion intercalation into graphite anodes is limited by high charge-
ransfer resistance at low environmental temperatures, leading to poor
erformance at low temperature for typicaly LIBs [86-88] . Furthermore
he formation of potentially hazardous lithium dendrites is exacerbated,
ausing the cell to short circuit [89] . These issues cannot be ignored,
s many fields such as aerospace and military missions require energy
torage devices that can operated at ultra-low temperatures (for exam-
le –40°C). Magnesium ion technology can successfully operate at this
emperature extremes and will be discussed in terms of the suitable elec-
rolytes, cathodes and their underpinning operating mechanisms. 
Zhang et al. [90] and his coworkers investigated the ultra-low tem-
erature performance of magnesium-lithium hybrid ion battery for the
rst time. A conventional lithium cathode (lithium iron phosphate
LiFePO 4 ) was selected as the positive electrode ( Fig. 8 a) and magne-
ium metal was used as the negative/reference electrode. All-phenyl-
omplex (APC) electrolytes were prepared using aluminum chloride
AlCl 3 ) and phenyl-magnesium chloride (PhMgCl) salts dissolved in THF
olvent. The molar concentration of APC solution was 0.5 M. To prepare
he hybrid ion electrolyte, anhydrous LiCl was dissolved in an APC solu-
ion with concentrations ranging from 0 to 0.4 M [36] . Firstly, the cyclic
oltammetry (CV) was used to examine the effect of lithium ion con-
entration on the electrochemistry of cell, which revealed an increase
n both anodic and cathodic current intensities with increased lithium
on concentrations (0.5 M APC – 0.4 M LiCl revealed optimized per-138 ormance). Thus, an optimized electrolyte solution was used for further
lectrochemical characterization both at room temperature and ultra-
ow temperatures. The pouch cell exhibited excellent cycle stability at
oom temperature, with an initial capacity of 103.9 mA h g –1 , which de-
reased to 102.4 mA h g –1 after 200 cycles (capacity retention of 98.5%)
s shown in Fig. 8 b. The corresponding coulombic efficiency of the hy-
rid ion battery was maintained above 99.5%. Fig. 8 c displays the rate
erformance of the battery at different current densities (0.15-3C). Care-
ul observation reveals that the cathode exhibits very clear charge and
ischarge plateaus corresponding to the redox reaction of Fe3 + /Fe 2 + .
ompared with previous reports on magnesium batteries, the operating
oltage of hybrid battery was significantly higher (about 2.5 V). Rate
apability testing of the battery revealed specific capacities of 144.1,
23.2, 96.6, and 68.8 mA h g –1 at a rate of 0.3, 0.6, 1.2, and 3.0C, respec-
ively. The excellent performance of hybrid ion battery was attributed
o the dendrite free cycling of the anode and fast reaction kinetics of
ithium ion diffusion into the cathode. The lithium ion diffusion coeffi-
ient was found to be 1.67 × 10 –12 cm 2 s –1 for LiFePO 4 cathode at room
emperature. The high diffusion coefficient of lithium ions is favorable
or high power density devices [90] . 
Moreover, the electrochemical performance for LiFePO 4 cathode
ased cells were tested at the low temperature range (0, – 10, – 20, and
40°C). Firstly, the LiFePO 4 cathode was tested in a lithium ion battery
using traditional carbonate-based electrolytes), which revealed the best
erformance at temperatures above– 10°C. Then, the pouch cell hybrid
on battery was tested for cycle performance at 0, – 10, – 20, and – 40°C,
or 50 cycles as shown in Fig. 8 d-e. The magnesium-lithium hybrid ion
attery and pure lithium ion battery delivered a maximum capacity of
03.5 and 109.8 mA h g –1 at a temperature of 0°C, respectively. Care-
ul analysis revealed that the hybrid ion battery exhibited reversible
apacities of 109, 100, 90, and 80 mA h g –1 at 0, – 10, – 20, and –
0°C, respectively without capacity fading. The excellent performance
f hybrid ion battery at ultra-low temperature was attributed to the low
iscosity and melting point of THF solvents, which resist against freez-
ng of electrolyte solutions. With adequate operating potential (2.45 V)
nd energy density (382.2 W h kg –1 ), this work laid the foundation for
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Fig. 8. (a) XRD pattern of the commercial LFP powder (inset: crystal structure of LFP), (b) Discharge–charge cycling performance and the corresponding coulombic 
efficiency of the LFP@GF electrode for hybrid Mg 2 + /Li + batteries at room temperature, (c) Galvanostatic discharge–charge profiles of the rate performance at 
varied rates, Galvanostatic discharge–charge profiles (d) and cycling performance (e) of the hybrid Mg 2 + /Li + battery at various low temperatures (Reproduced with 
permission from [90] Copyright RSC (2016)); (f) Cycle performance of LVP ǁAPC-LiCl ǁMg cells at RT and low temperatures (0, – 10, – 20, – 30, and – 40°C) at 100 
mA g –1 current rate, (g) Corresponding charge–discharge curves, (h) Cycle performance of LVP ǁMg/Li-BH ǁMg cells at RT and low temperatures (0, – 10, – 20, – 30, 












































agnesium-lithium hybrid ion batteries for ultra-low temperature ap-
lications [90] . 
In 2019, a polyanion Li 3 V 2 (PO 4 ) 3 (LVP) cathode was employed in
agnesium-lithium hybrid ion batteries to evaluate the ultra-low tem-
erature performance [91] . The synthesis of polyanion Li 3 V 2 (PO 4 ) 3 was
arried out using a sol-gel technique [92] . The main precursors used
n these experiments were C 12 H 22 O 11 , C 2 H 2 O 4 , NH 4 VO 3 , Li 2 CO 3 , and
H 4 H 2 PO 4 . The synthesis of carbon coated Li 3 V 2 (PO 4 ) 3 was carried out
t 350°C and 750°C (stepwise) in an argon atmosphere. Two kinds of
ybrid ion electrolytes were prepared using optimized conditions. The
ynthesis of APC-LiCl/THF based electrolyte was carried out using pre-
ious reports [ 36 , 64 , 93 ]. The second kind of electrolyte was prepared
n diglyme (C 6 H 14 O 3 ) (DG) with 0.1M of Mg(BH 4 ) 2 and 1.5M of LiBH 4 
nside the glove box. Half-cells were assembled in glove box using mag-
esium metal as the anode, Li 3 V 2 (PO 4 ) 3 as cathode, and APC-LiCl/THF
nd Mg/Li-BH-based electrolyte solutions. Firstly, the electrochemical
erformance was evaluated at room temperature and later at ultra-low
emperatures. Rate performance experiment of LVP ǁAPC-LiCl ǁMg and
VP ǁMg/Li-BH ǁMg cells at room temperature revealed the maximum ca-
acities of 147 and 99.5 mA h g –1 , respectively at a current density of 50
A g –1 . It was found that the APC-LiCl-based electrolyte outperformed
he Mg/Li-BH solution, delivering reversible capacities of 147.8, 129,
14.4, 101.3, 87.4, and 65.3 mAh g –1 at current densities of 50, 100,
50, 500, 1000, and 2500 mA g –1 , respectively. Mg/Li-BH based cell a  
139 lso exhibited excellent rate performance but specific capacities were
ower compared to the APC-LiCl electrolyte. Interestingly, both kinds
f cells exhibited voltage plateaus at about 1.0 V, which corresponds
o the Li + ion intercalations/de-intercalation at LVP cathode during
ischarge/charge process and possible reaction mechanism can be ex-
ressed by Eqs. (2 )–(4) [ 94 , 95 ]. 
 𝑖 3 𝑉 
3+ 𝑉 3+ ( 𝑃 𝑂 4 ) 3 → 𝐿 𝑖 2 . 5 𝑉 3+ 𝑉 3 . 5+ ( 𝑃 𝑂 4 ) 3 + 0 . 5 𝐿 𝑖 + + 0 . 5 𝑒 − (2)
 𝑖 2 . 5 𝑉 
3+ 𝑉 3 . 5+ ( 𝑃 𝑂 4 ) 3 → 𝐿 𝑖 2 𝑉 3+ 𝑉 4+ ( 𝑃 𝑂 4 ) 3 + 0 . 5 𝐿 𝑖 + + 0 . 5 𝑒 − (3)
 𝑖 2 𝑉 
3+ 𝑉 4+ ( 𝑃 𝑂 4 ) 3 → 𝐿𝑖 𝑉 4+ 𝑉 4+ ( 𝑃 𝑂 4 ) 3 + 𝐿 𝑖 + + 𝑒 − (4)
Cycle stability testing revealed that capacity retentions for LVP ‖APC-
iCl ‖Mg and LVP ‖Mg/Li-BH ‖Mg half-cells were found to be 94.5
nd 100%, respectively even after 200 cycles. The capacity decay of
VP ‖APC-LiCl ‖Mg half-cell was attributed to slow evaporation of THF
rom coin-cells during cycling [22] . After successful characterization of
he Li 3 V 2 (PO 4 ) 3 cathode at room temperature, the half-cells were trans-
erred to a low temperature chamber to check their capabilities at ultra-
ow temperatures. Fig. 8 f-i depicts the electrochemical performance of
alf cells at 25, 0, – 10, – 20, – 30, and – 40°C for 100 cycles. The re-
ersible capacities of 135, 117, 103.5, 93.4, 82.2, and 63.1 mA h g –1 
t 25, 0, – 10, – 20, – 30, and – 40°C, respectively were revealed by
































































































































t  PC-LiCl based electrolytes ( Fig. 8 f-g). It was noticed that sharpness of
oltage plateaus decreases with temperature, owing to the slow trans-
ortation of guest ions. More importantly, the cells were able to preserve
heir initial capacity even after 100 cycles, revealing the high capability
f APC-LiCl based electrolytes for low temperature applications. As dis-
ussed above, the main reasons for the observed performance improve-
ents at ultra-low temperatures were the low viscosity and low melting
oint of THF, helping to reduce the freezing point of solutions. On the
ther hand, LVP ‖Mg/Li-BH ‖Mg half-cells exhibited good performance
p to – 10°C owing to high boiling point of diglyme compared with that
f THF as depicted in Fig. 8 h-i. The cells exhibited specific capacities of
8, 69, 55.6, and 35 mA h g –1 at 25, 0, – 10, and – 20°C, respectively.
urther decreasing the temperature results in diglyme base electrolyte
ompletely freezing and a capacity zero was achieved [91] . This work
evealed that electrolyte solutions with low boiling points are ideal for
evices used at ultra-low temperatures. 
Lithium titanate (Li 4 Ti 5 O 12 ) has also emerged as a promising anode
aterial owing to its low working potential, good cycle performance,
nd is considered an appealing alternative to graphite [96] . However, its
oor electrical conductivity (10 –13 S.cm –1 ) has restricted its use for prac-
ical applications [97] . Fortunately, the charge/discharge working po-
ential of Li 4 Ti 5 O 12 lies in the range of magnesium electrolytes, thus can
e used as anode in magnesium or magnesium-lithium hybrid ion bat-
eries [98] . Despite several studies conducted on utilization of Li 4 Ti 5 O 12 
lectrode for magnesium batteries, little efforts have been made for low
emperature electrochemical studies. 
Recently, Rashad et al. [99] assembled magnesium-lithium hybrid
on battery using a Li 4 Ti 5 O 12 cathode, magnesium metal as anode, and
PC-LiCl/THF based electrolytes. The working mechanism of the hybrid
attery, morphology and crystal structure of LTO cathode are depicted
n Fig. 9 a-d. The electrochemistry of the battery was tested at different
emperatures i.e. 25°C, 10°C, 0°C, – 10°C, and – 20°C. Experimental re-
ults revealed that the LTO cathode exhibited very poor specific capacity
n pure APC/THF based electrolytes, which is attributed to the cathodes
ow electrical conductivity and sluggish magnesium ion transportations
t room temperatures. On the other hand, when lithium ions were in-
roduced into the magnesium electrolyte (APC-LiCl/THF), the specific
apacities of 228, 212.5, 204.1, 199.7, 185.3 and 163 mA h g –1 were
chieved at the current densities of 20, 40, 100, 200, 400, and 1000 mA
 
–1 , respectively with stable voltage plateaus at 0.7/0.9 V, which cor-
esponds to insertion/extraction of lithium ions into/from LTO cathode
99] . 
Inspired by the excellent room temperature performance, the half-
ells were cycled at low temperatures (10°C, 0°C, – 10°C, and – 20°C) for
V measurements as shown in Fig. 9 e. It was noticed that peak current
ntensities decrease, whereas the potential difference increase with de-
reasing temperatures. The main reason behind this change was slower
uest ion transportation, resulting in reduced guest ions diffusion inside
he LTO cathode at low temperatures. The LTO based hybrid ion cells
ere cycled at 25°C, 10°C, 0°C, – 10°C, and – 20°C for 50 cycles using
 current density of 100 mA g –1 as shown in Fig. 9 f-g. The battery was
ble to deliver the specific capacities of 213.4, 165.5, 143.8, 133.2 and
8.56 mA h g –1 , at 25°C, 10°C, 0°C, – 10°C, and – 20°C, respectively.
he voltage-capacity curve of batteries cycled at different temperatures
ere used to measure the polarizations, which increases with decreasing
emperatures as depicted in Fig. 9 h. 
Determining the electrochemical polarization of rechargeable metal
on batteries at different temperature is very useful. This is because
y employing electrochemical impedance spectroscopy (EIS) technique,
ne may understand origin of impedance features. Generally, it was no-
iced that temperature does not have a large effect on contact impedance
ompared with charge transfer resistance. Several reports showed that
harge transfer resistance (R ct ) is highly dependent on temperatures
100] . The R ct is combination of gust ion desolvation and resistance
equired by guest ion to pass through SEI and enter into host material.
ormally, desolvation part is very small and it can be neglected. There-140 ore, the main resistance contributing to electrochemical polarization is
on conduction via SEI. So the Arrhenius’s Equation can represent the
ependence of R ct on temperatures via following Eq. (5 ) [101] . 
1 
𝑅 𝑐𝑡 
= 𝐴 𝑒 
− 
( 
𝐸 𝑎 ∕ 𝑘 𝐵 𝑇 
) 
(5)
Where, R ct is the resistance faced by guest ion movement from elec-
rolyte to electrode, E a is the activation energy related to guest ions, k B 
s the Boltzmann constant, A is proportionality constant, and T is the
emperature. Therefore, by plotting the log of R ct vs. 1/T, we may es-
imate the activation energies associated with guest ion transportation
etween anode SEI and cathode SEI. The electrochemical impedance
pectroscopy (EIS) technique was used to analyze the effect of tempera-
ure on the shape of Nyquist plots, which revealed an increase in charge
ransfer resistance at lower temperatures ( Fig. 9 i-j) [99] . This is because
he diffusion coefficient of lithium ions (inside LTO cathode) decreases
ith lowering the environmental temperatures [99] . In conclusion, the
i 4 Ti 5 O 12 cathode is capable of operating efficiently down to a temper-
ture of – 10°C using all-phenyl-complex based electrolyte solutions. 
. Stripping and plating behaviors of magnesium metal anode 
Gradual discovering the mechanisms involved in the interphase of
agnesium metal anode, stripping and plating of magnesium onto an-
de, chemical scientists found that surface of Mg metal anode facilitate
he formation of artificial solid-electrolyte-interphase (SEI), which en-
orse the compatibility between anode surface and electrolyte species
resent in the systems [ 102 , 103 ]. From literature, we can see that
anepa et al. and his coworkers used first-principles calculations and
on-transport theory to investigate the several compounds as potential
oating materials for Mg metal anodes [ 104 , 105 ]. In another work,
n attempt was made to stabilize the Mg anode in the controversial
g(TFSI) 2 -based electrolyte via formation of the lithium containing SEI
sing an electrochemical cycling process [106] . Similarly, X. Li et al.
107] made successful attempt to minimize the overpotential values
y making Mg anode based SEI using magnesium iodide layer on its
urface. Germanium tetrachloride additive was also used in magnesium
lectrolytes to form in vivo Ge-based protective layer on magnesium sur-
ace, which exhibited self-repair effect during electrochemical cycling
eactions [108] . Though, above discussed strategies (in situ generation
f the interphase during the electrochemical process) showed promising
esults, however, it is very difficult to control the composition, thickness,
echanical and chemical properties of these as-formed SEI. Thus, sim-
le and direct modifications of magnesium metal anode surface with the
elp of well-designed artificial coated materials could be more practi-
able for battery assembly. One such direct technique was employed by
an et al. [109] , who synthesized an electronic insulating and perme-
ble (for Mg 2 + ions) artificial SEI on the surface of magnesium metal
node. This, artificial interphase exhibited high oxidation stability dur-
ng reversible magnesium plating and stripping. 
Inspired from above discussed works, Y. Zhao et al. [110] and his
oworkers made successful attempt to modify the surface of magnesium
etal anode using artificial layer of bismuth (Bi). This modification was
arried out using a facile solution base approach, where targeted mate-
ial was soaked into solution of bismuth trichlorides. The artificial pro-
ective layer was found to be consist of bismuth metal (with capability
f conduct ions), magnesium-bismuth alloy, and electronically insulated
agnesium chloride. Y. Zhao et al. [110] adopted various characteri-
ation and testing techniques to investigate the capability of artificial
ayer. It was observed that artificial layer on magnesium anode helps to
revent the occurrence of side reactions between magnesium metal and
lectrolyte species (non-corrosive). As a result, an uneven and dendrite
ike magnesium, plating and striping were suppressed [110] . 
While investigating the magnesium striping and platting mecha-
isms, Pint et al. [111] found that 3D hemispherical electrodeposi-
ion of magnesium was observed in Mg(TFSI) -DME based electrolytes,2 
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Fig. 9. (a) Sketch showing the working mechanism of Mg-Li hybrid battery at low temperature, (b-c) SEM images showing the structural morphologies of Li 4 Ti 5 O 12 
spheres at different magnifications, (d) Refined crystal structure of Li 4 Ti 5 O 12 , (e) CV curves measured at different temperatures, (f) cycle stabilities of half-cells 
measured at different temperatures (25, 10, 0, – 10, and – 20°C), (g) galvanostatic charging-discharging curves at different temperatures, (h) relation between 
polarizations of cells at different temperatures, Electrochemical impedance spectroscopy data of LTO cell in 0.4APC–1.0LiCl electrolyte. (i) Comparison of Nyquist 
plots at different temperatures (25, 10, 0, – 10, and – 20°C) showing the surface layer and the charge transfer resistance components, and (j) relation between Z’ and 






































r  hich led to shorting of magnesium ion batteries. Similarly, Zhao
t al. [110] observed the growth of uneven magnesium depositions
n Mg(TFSI) 2 -DME based electrolytes in 2032-type coin type magne-
ium cells. For example, it can be observed in Fig. 10 a that pristine
un-protected) magnesium-magnesium symmetric coin cells exhibited a
arge overpotential of about 2.0 V during initial charging-discharging
rocess followed by abrupt fall in overpotential values just after eight
ycles. Generally, vertical drop of overpotentials in symmetric cells rep-
esents an indication of shorting of cell [111] . Similar behavior was
bserved for other symmetric magnesium-magnesium coin cells, where
verpotential drops to almost 0 V after two hours. On the other hand,
rotected magnesium-magnesium symmetric coil cells revealed an over-
otential value of about ~ 0.6 V, which remained constant for about
000 hours as shown in Fig. 10 b. When using similar discharge condi-
ions for another protected symmetric magnesium-magnesium coin cell,
he duration time was found to be improved to 24 hours. Furthermore,
mages taken by operando optical microscopy for pristine and protected
agnesium (during electroplating) are shown in Fig. 10 c-d. It can be ob-
erved that during plating-stripping process, uneven magnesium is de-
osited and in some area, magnesium deposition is grown into humps141 long the tips when using pristine magnesium surface. On contrary, the
agnesium anode protected with artificial layer revealed even deposi-
ions. Such growth patterns were further confirmed by SEM analysis as
hown in Fig. 10 e-h. It can be seen that mobs of uneven Mg deposits
ad formed on the pristine magnesium anode surface, whereas surface
f protected magnesium anode presented uniform and dense morphol-
gy (with even surface) of deposited magnesium. From these findings,
hao et al. [110] concluded that Mg-Mg symmetric coin cell can be in-
ibited from short-circuiting owing to presence of magnesium chloride
nside bismuth based protecting layer. 
. Conclusions and future outlook 
Though LIBs are already commercialized, they are unable to fulfill all
uture energy storage requirements due to the ever-increasing demand
f energy storage devices in the market and limited lithium reservoirs.
echargeable magnesium-ion batteries are one of the most favorable
ubstitutes of the state-of-the-art lithium-ion batteries with numerous
dvantages over lithium technology. Extensive research has been car-
ied out to optimized the magnesium-ion batteries in recent decades
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Fig. 10. (a, b) Cycling performance of symmetric Mg-Mg cells using the pristine Mg (a) and protected Mg (b) with 1 mA cm − 2 , 0.5 mAh cm − 2 . These data were 
obtained in 2032-type coin cells. (c, d) Operando optical microscope photographs taken with the increasing electroplating time of the pristine Mg (c) and the protected 
Mg (d) at 1 mA cm − 2 . (e-h) Surface and cross-sectional SEM images of the pristine Mg (e, f) and the protected Mg (g, h) after electroplating Mg for 4 h at 1 mA cm − 2 










































b  ith a number of notable breakthroughs. Apart from room temperature
agnesium ion storage, the electrochemical performance of batteries at
igh and ultra-low temperatures has been investigated in recent years.
lectrochemistry of the magnesium-ion batteries were greatly improved
t extreme environmental conditions by tailoring the host cathodes, tun-
ng the reference electrodes, and chemical hybridizations of both nucle-
philic and non-nucleophilic electrolytes. In this review, we discussed
xtensive research efforts about the recent advances of magnesium-ion
atteries working under extreme environmental conditions with higher
oltage and better reversibility. According to the aforementioned ad-
ancements, the possible leading trends on wide temperature range ( +
50°C to – 40°C) magnesium-ion batteries and research space to fully
eet the practical demands are listed below: 
Design of novel host materials with fast diffusion kinetics for magne-
ium ions, a large operating voltage range, and retaining high specific
apacities at elevated temperatures are still a great challenge for re-
earchers. According to the aforementioned discussion, it was found that
anadium pentoxide, vanadium dioxide, and magnesium indium sulfide
ave been considered as promising cathode materials with high capa-
ilities to store magnesium ions at high temperatures (up to + 150°C).
mong these materials, magnesium indium sulfide exhibited highest142 erformance in terms of reversible capacity and operating temperature
.e. + 150°C. These host oxide materials exhibited higher operating volt-
ges compared to conventional room temperature magnesium-ion bat-
eries. Thus, future research should be carried out on other metal sul-
des (compatible with magnesium ion batteries) to study their capa-
ilities to store magnesium ions at high temperatures. More research
ttention should be given to high voltage vanadium oxide-based cath-
des to achieve high energy and power densities of final magnesium ion
atteries at high temperatures. 
For high temperature electrolyte solutions, the common cations
nd anions are alkylpyridinium, alkylpyrrolidinium, alkylpyrazolium,
lkylimidazolium, etc. and PF 6 –, BF 4 –, TFSI – etc., respectively, which
ould be used for wide temperature range batteries. For example,
he magnesium bis(trifluoromethane sulfonyl) imide (Mg(TFSI) 2 )-
cetonitrile based electrolyte solution was found to be suitable
or high temperature energy storage. However, for acetonitrile-
ased electrolytes, the reference electrode should be activated
arbon cloths or conventional anode materials instead of magne-
ium metal owing to its passivation. From this review work, we
an concluded that ionic liquid i.e. 1-methyl-1-propylpyrrolidinium
is(trifluoromethanesulfonyl)imide ([MPPyr][TFSI])-Mg(TFSI) 2 )-











































































































etraglyme (G4) based magnesium electrolytes are highly capable to
xecute high temperature electrochemical reactions even up to 150°C
n magnesium-ion batteries. Therefore, future research should be
ocused on utilization of MPPyr-TFSI based electrolyte solutions with
ew compatible host materials to store the magnesium ions at high
emperatures. High reversible capacities are expected to be achieved
sing these electrolytes at high temperatures. On contrary, all-phenyl-
omplex (APC) electrolytes can be used at room temperatures. This is
ecause the boiling point of tetrahydrofuran solvent is very low; it may
esult in capacity decay due to its evaporation at high temperatures. 
Since sluggish magnesium ion diffusion kinetics greatly hinders the
chievement of high specific capacities, attempts were made to bypass
low magnesium ion transportation inside the host cathode. Introduc-
ng small amounts of lithium ions inside the magnesium electrolyte
ay boost the specific capacities and reaction kinetics. It may also in-
rease the possibility of using conventional lithium cathodes. For ex-
mple, APC-LiCl/THF and Mg/Li-BH/DG solutions exhibited good elec-
rochemical performance both at room temperature and ultra-low tem-
eratures (– 40°C). It was found that APC-LiCl/THF outperformed the
g/Li-BH/DG solutions owing to its high ionic conductivities and low
oiling point of THF compared to that of DG. From these works, we
an conclude that APC-THF electrolytes are suitable for low tempera-
ure applications. Since, hybrid ion electrolytes have several drawbacks
i.e. mass/volume losses, ionic conductivities, lower working voltages,
nd side reactions etc.). Thus, attempts should be made by chemical re-
earchers to examine the capabilities of APC-THF based pristine magne-
ium electrolytes with compatible electrodes at ultra-low temperatures.
Development of hybrid ion batteries have omitted the focus on
athode designs and tailoring of nanostructures because conventional
ithium cathodes could be employed to achieve high energy densi-
ies. At ultra-low temperatures polyanion materials such as LiFePO 4 ,
i 3 V 2 (PO 4 ) 3 , and Li 4 Ti 5 O 12 have been extensively used in rechargeable
agnesium ion batteries. Among these cathodes, LiFePO 4 was able to
ield acceptable energy densities (382.2 W h kg –1 ) at the temperature
f – 40°C using APC-LiCl/THF based electrolytes. Thus, future research
hould be focused on FePO 4 -based magnesium cathode with pristine
agnesium electrolytes to achieve practicable energy density at low
emperatures. 
In short, the commercialization of high performance rechargeable
agnesium ion batteries with stable capability and fast reaction kinet-
cs (at high and ultra-low temperatures) could be achieved by devoting
ore research attention to explore the promising cathode materials and
ompatible electrolytes. 
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